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Abstract
The US Navy utilizes PVC balloons, known as Killer Tomatoes, that are inflated onboard then deployed
into the ocean to calibrate weaponry. The Navy has requested the investigation of biodegradable polymers
to replace the PVC to reduce ocean waste. Two proprietary polymers were obtained from Green Dot
Bioplastics, BD3001 and BD3003. The polymers were extruded into sheets, cut to size, and placed into
twenty-gallon tanks of circulating marine-water that was obtained from the Cal Poly Pier. The 36 samples
were left in their respective tank for up to 53 days. Samples were routinely removed for testing to
measure the rate of biodegradability. Biodegradability was tested via DSC, FTIR, SEM, and gravimetry.
Both BD3001 and BD3003 performed similarly throughout the biodegradability testing, as neither
polymer showed definitive signs that biodegradation occurred during the testing period. These results
suggest that they would not eliminate the waste generated from current Killer Tomatoes. The performance
was tested via radio frequency welding and tensile testing. Both polymers were able to be welded but
exhibited inadequate mechanical properties that were not comparable to PVC. Therefore, both could be
manufactured in the same manner as the PVC but may fail to perform the application required by the
Navy. It is recommended that the Navy consider longer term in situ testing of prototypes for a more
realistic evaluation of biodegradation and performance.
Keywords: Biodegradation, Biopolymer, Marine Degradation, Target Balloon, NAVSEA, Navy, Killer
Tomato, PVC, Cal Poly, Materials Engineering
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Background
Section 1: Excess Polymer Waste and Solutions
Since the discovery of fossil fuel-based polymers they have become integrated into many of the products
we use on an everyday basis. From storing drinking water, to packaging produce, to clothing, plastics are
all around us. While plastics have led to huge advancements that allow us to be where we are today, they
have had a negative impact on ecosystems around us. Plastic waste is being disposed in places it was not
meant to end up in, primarily in the ocean and other environments not inhabited by humans. Globally, our
rate of consumption and production for polymer products is only increasing as both the demand for useful
products increases and manufacturing methods become more efficient (Figure 1). To reduce the negative
impact that polymers have on our environment, we need to create solutions to deal with polymer waste.

Figure 1 – Graphical Representation of Global Plastics Production from 1950-20151

Polymer Waste
The amount of plastic waste in the ocean is unknown, but there have been studies that have estimated that
8 million metric tons of plastic enter oceans annually. Polyethylene (PE) dominates the composition of
plastic waste at sea surface, followed by polypropylene (PP) and polystyrene (PS).2 One study from
Ocean Conservancy describes the scenario as dumping a full garbage truck of plastic into the ocean every
minute of the day for an entire year.3 The materials and methods selected for processing and
manufacturing of products emphasize maximum profits, not longevity or sustainability, resulting in the
production of cheap plastics that will not degrade and end up in landfills or the ocean after only a single
use. Material choice has a great impact on the cost of a product, stemming from the cost of raw material
production as well as costs associated with manufacturing the bulk material into the product. The cheapest
and most manufacturable materials that are also mechanically sound for their applications are typically
polymers that take thousands of years to degrade. However, through UV degradation and mechanical
degradation involving wave motion in a marine environment, polymer waste does break down into
microplastics. These microplastics contain a myriad of heavy metals which are not safe to consume;
however, they are consumed by fish and other marine life which may be caught and consumed by
humans. This process can lead to harm and health complications to humans. 4 Ultimately, the plastic
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waste that ends up in landfills or the ocean can have devastating implications to humans and environment
in a myriad of ways.
Solutions to Combat Excessive Polymer Use
The best methods to decrease the impact polymer products have on the environment are to reduce, reuse,
and recycle. The most effective method is reducing overall usage of polymer products. This can be
achieved by decreasing the production and use of single-use products, such as single-use silverware or
straws. These products are used for minutes then survive for hundreds to thousands of years in landfills or
oceans. Reducing the amount of these products being made and instead manufacturing products out of
different materials that can be used for hundreds to thousands cycles of use before discarding would
greatly reduce plastic waste. This method is simple and effective, but causes minor inconveniences to
people, making it a difficult option to implement on a large scale. The next best method is to reuse and
repurpose everyday products such as plastic bags or water bottles. Like reducing, using a tool or product
multiple times so there is less of a need to make more, repurposing a product also decreases the need to
make more products that will eventually turn into waste. Repurposing may require some processing or
manufacturing, but this energy is a much cleaner use of energy and resources than allowing the product to
end up as waste. This method is also effective; however, it requires additional work and energy which
would increase the price of repurposed product. For cheap products it would be less expensive to buy a
new product, making a repurposed product a difficult sell. After those two methods comes recycling. In
recycling, plastics are taken to a recycling plant where they are cleaned and then sent elsewhere to be
remanufactured into a recycled polymer product. Incineration is a solution that involves a controlled
burning of polymer products, particularly as a fuel source to produce and provide energy. Contrary to
recycling, incineration burns the polymer to convert the bond energy into thermal energy that can
converted to electrical energy, rather than converting the polymer into raw form that can be used to form
new products. While this method costs the least energy, it produces harmful byproducts that become
airborne and could cause respiratory health complications for humans, as well as the myriad of other
environmental complications, like global warming and rising sea levels, that correspond with the burning
of fossil fuels.5 In summary, all the solutions discussed to combat the issues that arise with excess
polymer production have drawbacks, making it crucial to consider all solutions and implement the best
solution for the circumstance.
Section 2: Biodegradability
Biodegradation of a plastic is characterized by the time required to achieve mineralization under
controlled conditions. Mineralization is the complete degradation of molecules that resulted in the
excretion of completely oxidized metabolites. In shorter terms, mineralization is the process in which the
carbon of the polymer is converted into carbon dioxide.6 Analysis such as Fourier transformation infrared
radiation (FTIR), X-Ray diffraction (XRD), Thermogravimetric analysis (TGA), and differential scanning
calorimetry (DSC) cannot be considered as a proof of ready biodegradability (total conversion of plastic
into biomass and CO2), but rather an indication about a potential for biodegradation in the oceans.7
Observing Biodegradability through Microscopy & Spectroscopy
Scanning electron microscopy (SEM) utilizes an electron beam to scan the surface of a material sample
and produce a detailed image. Taking SEM images of material samples before and after experimentation
can reveal the changes to the surface morphology which can be useful on determining how the surface
degraded in a marine environment.
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FTIR is a device that absorbs and transmits infrared radiation through a material. The device generates a
spectrum that provides insight to the structure of the material. FTIR can be used before and after
experimentation so that the changes to the structure of the material can be thoroughly examined. The
generated spectra can be compared to provide insight as to how a material did or did not biodegrade.
The Differential Scanning Calorimeter (DSC) performs thermal analysis by monitoring power output vs.
time or temperature to determine the energy released or absorbed by a sample as said sample is heated or
cooled. The machine heats two small cells for comparison, where one of the cells is empty while the other
contains a sample of material for analysis. The DSC controls power input based on minute temperature
changes to adjust for exothermic or endothermic processes that occur within the material.8 With this
information, many different properties of the material can be calculated, including but not limited to, heat
of fusion, latent heat of melting, glass transition temperature, crystalline phase transition temperature and
denaturization temperature.9

Biodegradable Polymers
According to the American Society of Testing and Materials (ASTM), ASTM D6400-99 defines
biodegradable polymers as “degradable plastic in which the degradation results from the action of
naturally occurring microorganisms such as bacteria, fungi and algae.” The two types of biobased
polymers are bio-based polymers that are also biodegradable and bio-based polymers that are nonbiodegradable. Biobased polymers are important because the atmospheric CO2 concentration does not
increase even after their incinerated. Bio-based and biodegradable polymers can come from natural
polymers produced by plants, microorganisms, animals. They can also be chemically synthesized from
biological starting materials. Bio-based and non-biodegradable polymers are produced from biomass but
are not biodegradable, such examples include rubber and amber.

Biodegradability & Methods of Degradation (Methods of degradation for both categories)
Biodegradation is the degradation, under the action of enzymes secreted by microorganisms, within a
specific period and environment. Microorganisms such as bacteria, mold, and fungi secrete enzymes that
begin the process of biodegradation within a material. Degradation involves any physical or chemical
damage in a material (polymer) as a result of environmental factors. This includes factors such as light,
heat, radiation, moisture, physical action, chemical conditions, and biological activity. These factors result
in bond scission on a molecular scale within the polymer. 10
Standards for Biodegradability
One standard for marine biodegradability of polymers is ASTM D6691. This standard is an aerobic
marine environment test method for determining aerobic biodegradation of plastics in a marine
environment by a defined microbial consortium or natural sea water inoculum. ASTM states that D6691,
“determines the degree and rate of aerobic biodegradation of a plastic material exposed to a pre-grown
population of at least ten aerobic marine microorganisms of known genera or the indigenous population
existing in natural seawater.”11 This standard uses respirometry to measure the amount of CO2 expelled
from a biodegradable sample as an indicator of the rate and total degradation taking place. CO2 as a
byproduct of the reactions responsible for biodegradation make it the best candidate for measuring the
changes taking place within a material and determining if a material is suitable to degrade within a certain
environment.
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Section 3: Navy’s Contribution to Ocean Pollution
Target Balloons and Goals
The United States Navy utilizes target balloons to calibrate weaponry, as target practice, and general
training. These target balloons flexible and portable, with the ability to be transported and stored in a
confined space. These target balloons, Killer Tomatoes, are then inflated onboard a ship and aluminum
reflective tape is added onto the target to achieve radar return (Figure 2). The size and general dimensions
of the final Killer Tomatoes can also be observed in Figure 2 to give an idea of how sheet material is
joined to form a flexible, inflatable cube.

Figure 2 – Deployment of a Killer Tomato Target Balloon from a United States Naval Vessel12

After the target balloons are shot from a distance, the torn pieces accumulate on the surface of the ocean
until eventually sinking below the surface. The material used is not degradable, within a reasonable scope
of time, or collected by the Navy due to lack of regulations which allow this behavior. The primary goal
is to reduce plastic waste that gets into the ocean. This can be achieved by redesigning the current surface
warfare target balloons by changing the material to a marine biodegradable option that still meets
mechanical performance requirements.
Problems with Current Killer Tomatoes
The U.S. Navy currently utilizes polyvinylchloride (PVC) as the main material for the construction of the
killer tomatoes. PVC is a fossil fuel-based polymer with high bond dissociation energies when compared
to other common polymers, leading to increased degradation time.13 When studied for degradation time,
PVC saw no noticeable deterioration in any environment during a 32 year period and is estimated to take
hundreds to thousands of years to completely break down in a marine environment.14 This is an issue
because the navy requires ocean bound targets to calibrate machinery; therefore, with the current design
there is a constant supply of PVC being deposited into the ocean. The manufacturers of the Killer Tomato
8

target balloons, American Pacific Plastic Fabricators (APPF), claim that each target can be recovered via
a floating trip line.15 Although only approximately 100 pounds of PVC from each Monster Killer Tomato
is added to the already millions of tons of plastic waste entering the ocean annually, the waste has a
cumulative effect that will result in excess waste over time.16
Viability and Limitations of Common Polymer Waste Solutions
In the Navy’s case, the fossil-fuel based polymer PVC is degrading in the ocean at an extremely slow rate.
Reduction of use is not viable solution for this application as the Navy is required to calibrate weaponry,
requiring ocean bound targets. There is no way to implement recycling, reusing, or incineration for this
purpose as the Navy does not have the resources to collect the debris from each individual target balloon
after they have served their purpose. Also, even with collection methods, small pieces of the target would
still be left in the ocean from being detached from the target due to testing. Therefore, the only viable
solution to this problem is to turn towards incorporating a biodegradable polymer into the design for the
ocean bound targets. Many polymers can naturally degrade in a marine environment without production
of harmful byproducts, which would eliminate the Navy’s need to reduce their use or collect the used
targets.
Solving the Waste Dilemma: Biodegradable Polymers
The United States Navy has recognized the detrimental effects of releasing waste into the ocean and is
currently making changes to ensure reduction in their contribution. Although the APPF has mechanisms
in place for retrieving the destroyed targets after use, recovering the targets is not practiced by the Navy.
For this reason, they have made it a priority to change the design of the target balloons to decrease
environmental impact. The top proposed solution is to change the current material, PVC, to a polymer
that can biodegrade in a marine environment over a reasonable period, from a few weeks to a few years.
This transition would allow the United States Navy to deploy and destroy as many target balloons as
necessary without worrying of the repercussions from dumping hundreds to thousands of pounds of
polymer waste and adding to the growing problem of waste and pollutants ending up in the ocean.
Changing the material may seem like undemanding task; however, utilizing the same production and
manufacturing process, achieving similar or improved performance, and selecting a material that has the
ability to naturally degrade only when exposed to marine environments increases the difficulty
substantially. A balloon peacefully floating on the surface of the ocean before its inevitable demise seems
easy enough to replicate, but there are many material properties and attributes required to attain the
desired performance for the application. These properties, which stem from the material’s structure, only
become more crucial as design parameters, like biodegradability, are added.
Section 4: Performance Requirements and Production of Killer Tomatoes
Introduction to Stages of Polymer Production and Material Properties
As mentioned in the previous section, the most critical characteristic of changing of the material of the
target balloons is ensuring biodegradability, which would solve the primary issue with the current
material, PVC. In addition to this crucial material attribute, there are others that must be accounted for to
ensure adequate performance of the final product. The material’s attributes and mechanical properties are
the result of the material’s specific atomic makeup and structure, which govern the overall performance.
Distinct properties required of the material are different at all stages, and all must be accounted for. These
stages include raw material production, manufacturing, packaging/ storing, use, and post-use.
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Raw Polymer Production
Polymers begin their life as a myriad of different constituents that can synthesized into different
polymers, again depending on the atomic makeup and structure. This first stage is responsible for what
material attributes and properties the polymer will have, thus there are no property requirements for this
stage other than the starting materials and chemicals that are used in the proceeding synthesis reactions.
At this stage synthetic polymer’s constituents are exposed to an array of polymerization reactions that
alter the chemical bonds that hold the polymer together.17 Many distinct polymerization reactions can be
performed by the combination of heat, pressure, catalysts, and other factors that will impact the types of
bonds that will link monomers together, leading to the final raw, bulk, polymer material and
distinguishing properties. The specific chemistry of the polymers, relating to the properties required by
the surface warfare targets, will be expanded upon in the following section: Chemistry Responsible for
Performance.
Manufacturing of Killer Tomatoes and Corresponding Material Characteristics Required
Upon synthesis, the bulk polymer can then be processed and manufactured to produce the final product
for use by the Navy. The American Pacific Plastic Fabricators (APPF) is one of the two manufacturing
companies that produces floating targets, Killer Tomatoes, for the United States Navy. APPF receives
500lb rolls of 12mil PVC from a polymer supplier that specializes in producing sheet material from bulk
PVC. Data regarding the current PVC material was provided from APPF (Table I). The data provided
displays the elastic modulus, tensile strength, elongation percentage before break, and tear resistance in
both the machined direction (MD) and cross-machine direction (CD).
Table I. Sheet PVC Material Data Sheet Provided by APPF
Code

Product Name

Code

Product Name

AX

General Inflatable Film

AB

Boat Inflatable Film

Item

Quality Standard

Thickness (m/m)

1. Individual Value: <.3000 m/m ± 10% or <.301 m/m ± .03 m/m

Standard
Item

Thick

100% MOD
PSI

MD

1136 MIN

CD

994 MIN

Tensile
Strength
PSI

0.18 0.19 mm

0.20 0.29 mm

0.30 0.39 mm

0.40 0.59 mm

0.60 0.79 mm

> 0.80
mm

ASTM D882A

2414
MIN

2272
MIN

2272
MIN

2272
MIN

2414
MIN

2414
MIN

CD

2130
MIN

1988
MIN

1988
MIN

1988
MIN

2272
MIN

2272
MIN

MD

220 MIN

225 MIN

235 MIN

235 MIN

245 MIN

245 MIN

MD

10

Test Method
Referred To:

ASTM D882A

Elongation
Percentage
Tear
Resistance
LB/mm
Shrinkage
Percentage

CD

230 MIN

235 MIN

250 MIN

250 MIN

270 MIN

270 MIN

ASTM D882A

6.6 MIN

ASTM D1004

-5.0
MAX
-5.0
MAX

ASTM D1204

MD
11 MIN

8.8 MIN

CD
MD
CD

-7.0
MAX
-6.0
MAX

-6.5
MAX
-5.5
MAX

-6.0
MAX
-5.0
MAX

-5.5
MAX
-4.5
MAX

-5.0
MAX
-5.0
MAX

APPF then utilizes large platforms with computer numerical controls (CNC) attached with marking and
cutting devices. The PVC sheet material is unrolled onto this platform where it is then cut into the correct
sizes of pieces. These pieces are then taken to be radio frequency (RF) welded to attach the individual
pieces and create seams. Accessories can then be added to the target balloons, such as the APPF patented
drogue chute which aids the target with stabilization in an ocean environment. Radar reflective tape can
also be added to ensure that signals from the weaponry can be reflected and detected for accurate
calibration of the weapon systems. At this point the Killer Tomatoes are completed and can be folded into
small boxes which can then be shipped and stored until necessary deployment.
The manufacturing process is not complex, but still requires certain material parameters, specifically the
ability to be both: formed into flexible sheets and RF weldable. If a new material is chosen that has these
two capabilities, APPF would be able to integrate this new material directly into their current production
line without the need to purchase new equipment or add steps to manufacture the final Killer Tomato
product.
Material Performance Requirements for Naval Application
Once the Killer Tomato is manufactured and has reached its final form, it is ready to be deployed into the
ocean by the Navy for their weapon calibration. At this stage there are other performance requirements of
the target balloon, which are properties dependent on the material that was used to manufacture the target
balloon.
Shelf Life
First, these targets may be stored onboard a naval vessel for an extended period, thus the target must have
a shelf life upwards of five years. Biodegradable materials tend to be unstable and begin to breakdown in
a myriad of environments, so the material chosen must be stable enough to last years in a normal
atmospheric environment and last at least one day on the ocean surface without breaking down. This
would allow ample time for weapon calibration and destruction of the target balloon. The new material
must also be hydrophobic and chemically resistant, which will also benefit the shelf life along with
guaranteeing that the target will remain afloat on the ocean surface for long enough to be utilized in the
manner needed by the Navy.
Flexibility
Flexibility is crucial for efficient storing of the targets, as well as ensuring that there will not be a brittle
failure before the target is inflated and deployed. This relates to the next performance requirement which
is glass transition temperature. The material must have a glass transition temperature less than that of
typical ocean temperatures, which varies from approximately -2C (28F) to 30C (86F).18 This would
ensure that the walls of the target balloon would not become brittle upon contact with the ocean. A thin,
brittle wall could potentially experience a brittle failure due to any sudden contact, like with a wave.
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Mechanical Properties
Exact requirements for mechanical properties are unknown; however, the current PVC material used in
the manufacturing of Killer Tomatoes perform well, so to ensure sufficient mechanical properties of a
new material, similar mechanical properties to the current material will be required. The specific
mechanical properties, specified in like elastic modulus, tensile strength, elongation percentage before
break, and tear resistance allow the target to be handled, inflated, and deployed without failure. The target
values for a new material can be found in Table I, the properties that are shown by the current PVC
material.
Post-use Material Requirements
At this stage, the target balloon will be ruptured by the Navy’s surface warfare weapons that are being
calibrated from aboard the vessel. The goal is for the material to sink below the surface of the ocean so
there are no indicators of where the US Navy is conducting tests. Therefore, the biodegradable polymer
used should have a density greater than 1.03 g/cm3, the density of average seawater. After sinking below
the ocean surface the only material requirement is marine biodegradability. The goal of the Navy is for
the polymer material to completely degrade into nonharmful byproducts within two years of ocean
exposure. The timeline of two years was given to us by our Navy advisor, a lead materials scientist, who
claims that if there is not a buildup of plastic waste from the target balloons over a long period than the
project will have been successful in mitigating the Navy’s impact on excess ocean waste.

Section 5: Approach to Project
Previous Project and Shortcomings
The previous team investigated the effects of blending PVC with polycaprolactone (PCL). They did this
to increase the rate of degradation in the blended material. They blended at different compositions, 100
wt.% PVC, 75 wt.% with PVC 25 wt.% PCL, 50 wt.% PVC with 50 wt.% PCL, 25 wt.% PVC with 75
wt.% PCL, and 100 wt.% PCL and prepared the polymer blends through solution casting using
tetrahydrofuran as a solvent. They examined mass loss, water absorption, surface changes, and biofilm
accumulation. Ultimately, they determined that samples with a high composition of PCL displayed higher
levels of surface degradation when compared to samples with low amounts of PCL content. In addition to
this the previous team was able to successfully blend PVC and PCL using solution casting with a THF
solvent and they determined that PVC and PCL blends can be radio frequency welded up to 75 wt.%
PCL. 19
The shortcomings of the other team were, although they were able to develop a blend of PVC and PCL
that did biodegrade to a certain extent in a marine environment, they were unable to find a way to mass
manufacture the blended polymer into sheets and supply it to the current manufacturer of the Killer
Tomatoes, APPF. They were limited to the amount of polymer that they could produce in the labs
available to them, which resulted in a timely and intensive process to produce only small amount of the
polymer blend, much less than the near 100lbs required to manufacture a single large Killer Tomato. For
this reason, their synthesized polymer and corresponding methods of production were not used by the
Navy.
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Technical Readiness Level
The technical readiness level (TRL) is a measurement of how advanced or mature a kind of technology
is.20 This project began with the information that the Navy tends to utilize technology that is has been
previously developed and mastered, which corresponds to a high TRL. For example, a TRL 1 indicates
that scientific research is just beginning on a certain topic or newly theorized piece of technology and
there is not yet any significant experimental proof of the concept. Conversely, TRL 8 indicates that the
technology has been tested, proven, and has more than enough evidence to be implemented. A TRL 9
goes even further and is indicative of the technology already being used in many applications and
projects. This project with the Navy is in the TRL 7-9 range, meaning the Navy wants to use technology
that has already been developed and preferably already tested and proven to work in applications like
theirs. For this reason, as well as the shortcomings seen by the previous group who attempted to
synthesize their own polymer for this project, we plan on using materials that have already been
developed and tested by other companies. It also allows for the focus to maintain on the most significant
performance and manufacturing requirements so Navy can implement our findings, rather than dealing
with the challenges that would arise from developing and mass producing our own polymer.
Research Question
How does the biodegradability, tested by changes in mass, SEM imaging, FTIR spectroscopy, DSC
spectroscopy, and exposure to UV radiation over the course of 53 days, as well as the performance, tested
by tensile testing and ability to be joined via RF welding, compare between Green Dot Bioplastic’s
marine degradable polymer blends, BD3001 and BD3003, and common PVC sheets to determine which
polymer is the most suitable for ocean bound Naval targeting applications?
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Methods
Polymer Sheet Extrusion
Green Dot Bioplastics is a sustainable polymer supplier that has a range of products that vary from
compostable to biodegradable in a myriad of environments. They are in the trial stages of offering a
marine degradable polymer blend, which they offered to let us purchase for trialing purposes prior to
becoming commercially available. The two polymers were named BD3001 and BD3003, which are
proprietary blends with chemical makeups that are not to be disclosed, as requested by Green Dot
Bioplastics. Preliminary material datasheets were provided for each material; however, not much
information was disclosed as these materials are in the trial phase for Green Dot Bioplastics. The density
of both BD3001 and BD3003 was recorded as 1.3 g/cm3. Other information such as drying instructions
and processing temperatures were also provided. No other material information was provided. The
polymers were sold in pellet form and 100 pounds of each material was purchased. This was an extreme
excess, as only approximately ten pounds of each material were used to be extruded into sheets for
testing.
Prior to extruding, both polymers were dried using a vacuum oven. A layer of pellets was held in foil
baking trays then placed into the vacuum oven at 150F for three hours, the specified temperature and
time indicated on the Material Datasheets provided by Green Dot Bioplastics. These datasheets also gave
information regarding the processing parameters of the polymers, which recommended extruding between
300F and 360F and not to exceed 400F, to prevent burning or premature degradation of the polymers.
The extruder used was Intellitorque by C.W. Brabender Instruments Inc., which was programmable via a
computer to set all necessary parameters. A single-screw drive with three independently heated sections
of barrel fed into the head which also had three independently heated sections. The final component of the
extruded was the nozzle at the end which the polymer sheet flowed through. The hot, continuous sheet of
plastic was fed into a Bodine Electric Company set of rollers which were water-cooled and could be
adjusted to match the rate of the polymer being ejected from the extruder. The parameters listed above
were used to set the program and heat the extruder and die (Figure 3).
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Figure 3 – The barrel and die were heated to the specified temperatures from the polymers’ material datasheets. The
blue numbers are the temperatures input to the program and the yellow numbers indicate the temperatures measured
from the designated part of the barrel or die.

Once the extruder had adequate time to reach the proper temperatures, the dried pellets were added to the
hopper, which guided the pellets into the barrel. The extruder was set to 100rpm at maximum speed to
keep the polymer flowing and minimize the chance of burning the polymer. The temperatures set within
the extruder are high, considering the maximum recommended temperature of 400F. This was done to
ensure that the polymer would be thoroughly melted, as any solid material in the barrel would cause the
pressure to increase and potentially cause equipment failure. Due to the size of the extruder, relatively
small, it was safer to heat above the melting temperature in the first stage of extrusion. The extruded
sheets were fed through the set of cooled rollers to quickly cool the plastic down so it could be wound
into a spool of sheet material (Figure 4).
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Figure 4 – BD3001 being extruded into a small spool of polymer sheet material.

The biodegradable polymers being extruded were volatile and tended to burn and degrade rather quickly
at the elevated temperatures of the extrusion process. For this reason, at the end of each run of the
extruded High-Density Polyethylene (HDPE) was added to the hopper so a more durable plastic would
solidify in the barrel and die, leading to an easier clean up and start up for to next run of the machine.

Biodegradability Testing: Simulated Ocean Environment
With the polymers now available and in sheet form, BD3001, BD3003, and PVC sheets supplied by
APPF as a control material could be tested. The following initial tests were conducted on the samples:
FTIR, DSC, SEM, and tensile test to get baseline values and spectra for each of the samples. These results
would be used as the first point of many tests to compare to partially degraded samples that would be
tested following the biodegradability test.
The biodegradability test consisted of two, 20-gallon fish aquariums that were independently chilled and
circulated using marine chillers. The suction tube and output tubes from the chiller were placed on
opposite sides of each of the tanks to ensure proper circulation of the water throughout the tank. The two
fish tanks were distinct because one was completely covered with a UV-blocking tarp while the other was
blocked with the same tarp around the outside, but a full spectrum grow light was placed on the top to
simulate exposure to the sun. The full spectrum light was plugged into a mechanical timer that turned on
the light at 6am daily and off at 6pm daily. An aeration stone was also used in both test setups to aerate
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the water within and supply extra oxygen for the biology within the ocean water. Both tanks were filled
with ocean water that was obtained from the California Polytechnic State University, San Luis Obispo
Pier. Each tank was filled approximately three quarters of the way up, fifteen gallons. The water level was
marked so the water level could be monitored. Whenever the water level had noticeably dropped, fresh
deionized water was added to the tank to maintain a constant water level. The tanks were both held at
nearly 55F, with subtle variations as the chillers turned on and off to maintain this temperature.
The polymers were then cut into appropriate sizes for the biodegradability test. There were three sizes
used for the samples in the biodegradability test. The three sizes were: three-inches by five-inches, oneinch by five-inches, and fourteen-inches by five-inches. The three-inch samples were cut for a dry
degradability test. Each material being tested got one of this size, three samples total. These samples were
be left out in a typical room temperature environment for 35 days, the span of the other tests. Each week
the samples were weighed to see if there were any changes in mass of the polymers from being exposed
to normal conditions. This test was to determine the shelf-life by seeing if BD3001 and BD3003 would
degrade if stored, such as in a warehouse before or after manufacturing but before inflation and
calibration. The fourteen-inch samples were for post-biodegradation tensile testing. Two of these samples
were cut out for each material being tested, six in total. Lastly, five identical samples (1”x5”) of each
material will be used for each of the two test setups, 10 of each material total. Five samples of this size
were used so one sample of each material could be pulled from the test approximately each week to
conduct testing. This method was used so that testing could be done each week without disturbing other
samples that had longer exposure times to the biodegradability test. Taking out a sample, conducting
tests, then putting it back in the test setup would leave too many variables unaccounted for; therefore,
after pulling a sample it would not be put back into the test. All the samples used for each material and
size is summarized in Table II.
Table II – Summary of the Size and Number of Samples for each Material being Tested
Size/Material
1"x5" (Wet-Tanks)
3"x5" (Dry)
14"x5" (Wet-Tanks)
Total

PVC

BD3001

BD3003

Total

10

10

10

30

1
2
13

1
2
13

1
2
13

3
6
39

To further keep track of all the samples, a labeling scheme was developed. Each sample that would be
used in the wet biodegradability tests in the tanks, one-inch and fourteen-inch samples, was given a threecharacter label to describe what it was, what test it was a part of, and how long it would be a part of that
test (Table III). For example, 3L1 would represent the third BD3001 sample from the light exposed tank
setup. This sample would be removed after approximately three weeks or 21 days for testing to determine
to level of degradation at that point.
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Table III – Description of Labeling Scheme for Each Sample
Character
Number

Possible
Letter or
Number

Description

1

(1-6)

Indicates the order the samples will be removed. Roughly how many weeks the
sample will spend in its tank. Note: 5 and 6 will spend the same amount of time in
the test and will be removed at the same time.

2

(L or D)

Whether the sample is in the light exposed tank setup or the dark tank setup.

3

(1,3, or P)

Specifies material: 1 - BD3001, 3 - BD3003, P - PVC

With the test setups ready, samples cut, and samples labeled, all the samples were initially weighed and
measured. The mass of each sample was recorded so future changes would be evident. The samples were
then placed in their given setup to start the biodegradability test. Within each tank the polymer samples
were held down with one ounce fishing weights (Figure 5 and 6). These photos were taken prior to adding
the ocean water, but the setup was not changed once the water was added. A diagram was also made to
keep track of each of the samples within the two tests (Figure 7).
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Figure 5 – Final setup of the biodegradability test tank
with full spectrum light exposure.

Figure 6 – Final setup of the biodegradability test tank
with no light exposure.
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Figure 7 – Diagram of each labeled sample in the two test setups. Mimics Figures 5 and 6 as seen above.

Cleaning
Prior to each batch of samples being removed weekly, 6 plastic bags were obtained each with a piece of
paper indicating the sample. Twelve paper towels were then labeled with the sample name on the bottom
of the paper towel with a permanent marker. Each sample had two paper towels with their respective
labeling. This was to ensure that the samples were not mistaken for another as they appear similar. The
samples were taken out by tank, to take the samples out of the light tank, the full spectrum light was
powered off and safely removed to an empty space. A team member wearing gloves would use tongs to
pick up the sample and fishing weight to be placed onto the respective labeled paper towel. This process
was repeated for the remaining two samples in the light tank, after all three samples had been removed,
the fishing weights were collected in a plastic bag. The paper towels with the samples were stacked over
each other and put aside. The spectrum light was placed back onto the light tank. The dark tank samples
were then removed first by partially removing the UV blocking tarp enough where a team member can
grab the samples with the tongs.
A beaker and 70% Isopropyl Alcohol (Rubbing Alcohol) were used for the next portion of the cleaning
procedure. The samples were placed into fresh oceanwater with living microbes that take part in the
biodegradation of the samples. The 70% Isopropyl Alcohol was used as a surface sterilizer to ensure that
no more biodegradation would occur after the samples had been removed from the tank. This would also
help minimize risk of damaging equipment such as SEM and FTIR from contamination of uncleaned
samples. The samples were rinsed 70% Isopropyl Alcohol where the excess was collected into the beaker,
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the rinsed sample was then placed into the dry respective labeled paper towel. This process was repeated
for the remaining five samples.
Two oven pans were then obtained, one for the light samples and another for the dark samples. The
samples were then taken to the sink to be rinsed with tap water. The three light samples were rinsed one
by one, after each sample was rinsed, it was patted dry by the same respective paper towel used after the
IA rinsing. The samples were then placed into a pan with the layout copied to a piece of paper to ensure
that the 3003 and 3001 samples were not mistaken for one another. The oven pan was then taken and
placed into the oven on the top rack. The dark samples followed the same process only that they were
placed into the bottom rack of the oven. The samples were then put under a vacuum at a temperature of
150°F for a duration of 4 hours.
Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectrometer (FTIR) is a form of spectroscopy used in polymer science to
determine the mechanism of chemical reactions. Infrared radiation (IR) is absorbed and transmitted
through the sample polymer being examined. The FTIR generates a spectrum of the absorbed and
transmitted IR. The spectrum gives bonding information that can be used to find out if degradation is
occurring in the samples being examined, typically from changes in the peaks of the spectrum which
would indicate that certain bonds are breaking down. 21
The team used the Jasco FT/IR-4600 and followed the safety protocol and SOP for the FTIR to obtain the
spectra for the sample materials. The range of wavenumbers in the spectra was from 400 – 4000. After
removing batches from the replicated marine environment, they were cleaned to remove the water and as
much of the salt as possible. Each batch was then tested one week after being cleaned. Almost every batch
of polymer samples from the marine biodegradability experiment was tested. Specifically, six FITR
categories were used to analyze the generated spectra. These six categories were from the three materials,
PVC, BD3001, and BD3003 which are exposed to two different environments, light and dark. The initial
samples of each material were tested with FTIR, then three more times at different time intervals: 16, 30,
and 53 days. This led to four FTIR spectra for each of the six categories being tested. The team then
compared the absorbance and transmittance diagrams to match the peaks and wavenumbers to materials
in current databases. Sigma-Aldrich has a library of wavenumbers paired with their respective functional
groups and compound names that can assist in the analysis of the FTIR data collected. After analyzing the
spectra and identifying the functional groups, the team can compare the peaks of the spectra of each
polymer sample at specific wavenumbers. By comparing the data from the initial samples and sequential
batches the team can observe if there are changes to the sizes of the peaks which indicate changes to the
bonds, such as bond cleavage, and chemical structure of the polymer.
For example, Ester bonds are sensitive to enzymatic attack by microbes. The marine biodegradability
experiment utilizes microbes to biodegrade the polymer. The enzymatic attack leads to a cleavage of the
ester bonds which translates to a biodegradation of the polymer sample. As for the spectra, over time the
ester peaks that were identified would shift downward indicating cleavage of the ester bonds. By
comparing the initial spectra to the spectra of each batch removed over time, the cleavage of ester bonds
over time will give an indication to the change in the structure of the polymer as it spends more time in a
marine environment.
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Scanning Electron Microscopy (SEM)
A Scanning Electron Microscope (SEM) utilizes a focused electron beam to scan the surface of a sample
material and produce an image. It provides detailed images of the surface of a metal or polymer sample.
The materials will be scanned prior experimentation and upon completion of the biodegradability testing
so images of the surface degradation of each material can be compared. The team followed the safety
protocol and SOP for the SEM to obtain the images of the surfaces of the sample materials. When looking
at the samples under the SEM the objective was to photograph and document the samples within the first
week and last week of experimentation. These initial images taken are of the two polymers prior to being
placed in a marine environment, BD3001 and BD3003. The final images after the biodegradability
experiment are complete are of the two samples in light (exposure to UV radiation) and dark (no exposure
to UV radiation) conditions, for a total of four samples (BD3001 with UV radiation and without, and BD
3003 with UV radiation and without). The most apparent indication that the polymer samples are breaking
down in the biodegradability experiment are cracks in the surface of the polymer. Through collecting
evidence of microscopic cracking on the surface of the polymer and quantifying the growth and
development of the cracks over time we can determine if the polymer samples are in fact biodegrading
after exposure in a marine environment. By comparing the amount of cracking present in the last batch of
polymer samples to the total mass loss of a sample we can determine biodegradability in a marine
environment. Prior to the samples being placed in the SEM a low frequency detector (LFD) was placed as
the SEM will operate in low vacuum mode because we are working with polymer materials. The polymer
samples were cut to fit on the stage of the SEM then carefully placed inside the SEM. Proper venting and
pumping procedures were taken and once the sample was in place at a working distance of around 5 mm
the voltage was turned on. The magnification was taken to 5000x in order to take detailed images of the
surface. The range of voltage utilized to photograph the polymer samples was between 10-20 kW. The
voltage will be decreased if there is any evidence of damage to the polymer samples. Once the voltage
was determined the reduce area tool was utilized and the brightness, contrast, and focus were adjusted to
take a clear snapshot of the surface of the polymer sample.

Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) analyzes the how the physical properties of a material sample
change with temperature. The data the DSC collects from the sample materials will reveal how heat will
affect the composition of the biological polymer samples. Furthermore, this data reveals the melt
endotherm temperature, glass transition temperature, and cold crystallization temperature. 22 The team
used the Mettler Toledo DSC 3 which utilized the STARe software for analysis; and followed the safety
protocol and SOP for the DSC to obtain the thermodynamic data of the sample materials. The samples
were measured and cut to weigh 5-10 mg. They were placed in aluminum casing and the sample was
placed in the DSC tray along with an empty aluminum casing as a reference. After initial testing, the team
determined the parameters for a DSC recipe that would capture all the important thermodynamic data
required. The polymer samples were heated up from 25° C to 200° C at a rate of 10° C/minute and held
there for 4 minutes, then cooled to -100° C at the same rate and held there for 4 minutes, finally the
samples were heated back to 25° C. The polymer samples tested were the initial samples, batch three, and
batch five.
By comparing the thermodynamic data of the samples at the start of the experiment to samples pulled
midway and at the end of the experiment we will be able to see if there are changes in critical
temperatures such as the melt endotherm temperature, the glass transition temperature, and the cold
crystallization temperature. In analyzing the thermodynamic data for each sample, the glass transition
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temperature is identified, the cold crystallization temperatures (in the case that there is more than one)
will be indicated as well as the peak temperature and the area under the curve, and the melt endotherm
temperature is calculated including the peak temperature and the area beneath the curve. If there is a
pattern change in these temperatures, we can determine that bonds are in fact breaking and the
composition of the polymer is changing therefore there is evidence of degradation in a marine
environment.
Tensile Test
A tensile test utilizes a tension force to pull a material apart. As the device is applying this force it
measures the materials response to the induced stress. Utilizing tensile testing among the sample materials
will allow for better characterization of the overall mechanical properties of the material. This includes
properties such as Young’s modulus, yield strength, and strain. 23 Mechanical testing such as tensile
testing is important so that it is ensured that the material will be able to meet the minimum requirements
set by the Navy. ASTM D882 is a standard test method for tensile properties of thin plastic sheeting in
thin sheets less than 40 mil thickness. Seven specimens were cut and tested from each of the BD3001 and
BD3003 initial samples (no degradation). ASTM D882 was followed by ensuring that thickness was less
than 1.016mm, and the width was less than 25.4mm. Two specimens were cut and tested from each of the
BD3001 and BD3003 samples that had been left in the simulated marine environment for a total of 53
days. The specimens were cut to a specimen length of 254mm, so that the gauge length was 190.5. The
first tests were considered dummy tests as these tests were to calibrate the rate of grip separation. The rest
of the specimens were cut down to a specimen length of 127mm and a gauge length of 63.5mm and the
rate of grip separation was set to 31.75mm/min. This method was inputted into the program Bluehill to be
utilized into the Instron Tensile Tester. Five specimens of each BD3001 and BD3001 samples (no
degradation) were tested using this method and the data was recorded. The degraded BD3001 and
BD3003 specimens were also cut to a specimen length of 127mm and a gauge length of 63.5mm. Two
specimens of each degraded BD3001 and BD3003 samples were tested using the same method.
The data was then analyzed and explained further in the Tensile Test section in the Results portion of the
report.

Radio Frequency Weldability
A radio frequency weldability test determines if the extruded polymer materials can be welded together.
This is a requirement for the new material to be considered for integration in American Pacific Plastic
Fabricators (APPF) current manufacturing process for the Killer Tomatoes. After extruding the BD3001
and BD3003 polymer pellets into sheets using a sheet extruder the polymer samples were sent to APPF to
determine the radio frequency weldability. In total 12 samples of both polymer materials were sent to
APPF in sheet form, including their current PVC material as a control. The technicians will radio
frequency weld the samples to one another (BD3001 to BD3001, BD3003 to BD3003). The samples will
then be sent back to Cal Poly for inspection and further mechanical testing of the radio frequency welded
polymer samples. These samples will be tensile tested to determine the strength of the weld.
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Data and Results
Gravimetric Analysis (Mass)
The following data was collected over the course of 53 days, with each of the three materials being
exposed to the three different environments. The numbers recorded are the percent change in mass of the
samples, in grams, at each time interval expressed as “Days Exposed” (Table IV). The percent change in
mass was calculated by dividing the change in mass by the initial mass of each individual sample. The
percent change in mass was used to control for the slight variances in mass of the samples before being
subject to the different biodegradability testing conditions.
Table IV – Total Percent Change in Mass of Each Sample Type at Different Time Intervals
Control: Room Environment

Days
Exposed

BD3001

BD3003

9

-0.43%

0.53%

16

-0.14%

23

PVC

Simulated Ocean with Light
BD3001

BD3003

0.27%

-3.00%

-5.58%

0.00%

0.27%

-2.54%

0.43%

0.66%

0.27%

30

0.87%

1.20%

53

0.87%

0.80%

PVC

Simulated Ocean in the Dark
BD3001

BD3003

PVC

-3.39%

-0.47%

-5.95%

-0.80%

-6.17%

-3.91%

-2.10%

-5.99%

-1.64%

-2.92%

-5.30%

-3.48%

-0.43%

-5.28%

0.00%

0.54%

-2.54%

-6.00%

-0.83%

-2.68%

-5.86%

-0.78%

-0.27%

-2.17%

-6.75%

0.00%

-2.99%

-6.75%

-1.55%

Error bars were added to all the following figures to control for discrepancies from the scale used to
measure each sample at each time interval. The scale was inaccurate up to ±.04 grams, which was
normalized to the mass of each of the samples and converted to a percentage of that specific sample’s
mass to correctly size the error bars on the following figures.
The first set of samples were the dry samples which were left in a normal atmosphere within a room,
specifically a lab. These samples were measured periodically to see how the mass would change to
determine a short-term shelf life. Any significant mass loss would indicate a highly reactive material that
would degrade in non-harmful environments, making the polymer difficult to store before and after the
manufacturing phase. The data from Control: Room Environment within Table IV was graphed to show
the trends of each material in this environment (Figure 8).
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Figure 8 – Mass Change of Samples in a Dry, Room Environment

Figure 8 displays how the samples did not lose mass over time but instead gained mass or remained
constant. The PVC samples had slight variances in mass at each interval, but these minute discrepancies
of about .01 grams can be attributed to inaccuracies in the scale used, as 0% change in mass falls within
the error bars for the PVC sample. Both marine degradable polymers, BD3001 and BD3003, gained mass
during the 53 days of being left alone in the room. The mass values again seem to have been hindered by
discrepancies with the scale used; however, both marine degradable polymers did show an increase in
percent change in mass that exceeded the range of the error bars. This gain in mass can be attributed to
the polymers gaining moisture that is present in the room’s atmosphere. The pellets were dried before the
extrusion process, which rid of most of the water content that may have been present in the polymers’
structures. Being exposed to the moisture in the air caused the dried polymers to absorb some of the
ambient moisture, resulting in a slight mass gain until the polymers were sufficiently saturated and the
mass remained relatively constant at an elevated level. Because BD3001 and BD3003 did not show
indicators of degrading in a normal environment, they can be said to have a shelf life of at least 53 days
and likely much longer if the mass follows the same trend by staying constant once reaching some
maximum moisture saturation. This is a positive attribute of the materials because it would allow a
manufacturer to handle and store the polymers without having to take extra precautions, thus decreasing
the overall cost of using these alternative materials rather than PVC.
The next set of samples were left in the circulating saltwater simulated ocean environment with 12 hours
of UV exposure, and other wavelengths of light, per day. All the samples trended to lose mass over time,
seen by a negative percent change in mass for each of the materials in Figure 9.
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Figure 9 – Mass Change of Samples in a Simulated Ocean Environment with UV Exposure

The PVC displayed strange results in this test by initially decreasing mass beyond what would be
acceptable with the error bars, then leveling back to approximately no mass change. These results were
unexpected, as the mass of the PVC was hypothesized to remain constant throughout the simulated ocean
biodegradability test. The BD3001 and BD3003 mass data was also unexpected, as it was hypothesized
that the mass would trend down linearly or exponentially decrease as the degradation rate increased.
However, both BD3001 and BD3003 trended to initially lose mass relatively rapidly, then remained
relatively constant. This trend indicates that the samples’ mass loss was not due to biodegradation, but
instead some other external factor that would cause each of the samples to lose a specified amount of
mass regardless of the time interval.
The last biodegradability test mimics that of the previous test except is blocked from all light. The change
in mass trends of all three materials in the no-light sample group are like that of the exposed to light group
but with slight variances (Figure 10).
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Figure 10 – Mass Change of Samples in a Simulated Ocean Environment Blocked from all Light

The PVC sample in the dark test, unlike the light test, showed mass results that fall within the error bars,
suggesting that the PVC did not gain or lose any mass during this test. The marine biodegradable samples,
BD3001 and BD3003, show nearly the exact trend and values as the samples in the light group. This
indicates that the type and amount of light had little to impact on the mass of the samples. The same odd
results are further evidence that the change in mass seen in both the light and dark test groups are not
losses due to biodegradation, but instead external factors that were not monitored or controlled.
Ultimately, the percent changes in mass measured from each polymer, regardless of the time interval and
variables changed in each of the testing mechanisms, was likely not due to biodegradation taking place
but instead changes in other factors that would influence the polymer’s mass. These other factors include,
but are not limited to, the moisture content not being accounted for at different stages of testing as well as
using a scale that was not accurate enough for this application. The changes in mass were extremely
small, and for this reason a more precise scale should have been used to monitor the slight changes in
mass more precisely in all the samples. This would have reduced the margin of error and made the data a
more accurate representation of what was occurring within the material. Also, the moisture content should
have been better regulated throughout the entirety of the testing. Specifically, the pellets that were
eventually extruded were dried for only three hours and all at once. The pellets should have been dried in
smaller batches and for longer amounts of time. After the samples were extruded and exposed to the
simulated ocean environments, the small amounts of material were dried thoroughly for four hours before
being weighed. This difference in drying procedure, and not drying the samples after the extrusion
process, likely lead to more inaccurate mass results as the moisture content varied during many of the
steps. With the small magnitude in changes of mass and the outside factors that may have impacted the
mass it is unlikely that biodegradability was occurring. These results do not indicate that no chemical
changes took place within the materials, but that the changes in mass measured alone are not evidence of
chemical changes or any degradation taking place.
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FTIR
All the FTIR results were recorded in Transmittance (%) plotted against the wavenumber. The first two
sets of FTIR spectra were generated from BD3001. For all the FTIR batches, the initial FTIR spectrum
can be seen as the darkest of the FTIR spectra while the final test is the lightest grey, denoted with an
arrow and label. The three spectra following the initial were BD3001samples exposed to a dark simulated
ocean environment for the time intervals specified in the Methods section (Figure 11).

Figure 11 – FTIR Spectra Generated from BD3001 Samples in the Dark Simulated Ocean Environment

Although the initial transmittance (%) was not the same for the four BD3001 samples, the peaks and their
respective intensities are consistent between the four spectra. This seeming shift in the data on the y-axis
will continue to be seen in all the data and likely due to discrepancies with the FTIR, such as background
noise or other irregularities that have resulted in variations in the transmittance (%). The peak at
approximately 1700 wavenumber was of particular interest due to it representing the ester bond which is
sensitive to microbial attack. For this sample group, this peak does not seem to change at all, being
identified with similar intensity throughout the duration of the experiment. No significant changes in
FTIR data can be seen with the dark BD3001 samples, indicating that the structure of the polymer did not
undergo changes during the exposure to the simulated ocean environment.
The next sample set was the same material, BD3001, but in the simulated ocean environment that was
exposed to light during the experiment (Figure 12).
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Figure 12 – FTIR Spectra Generated from BD3001 Samples in the Light Simulated Ocean Environment

A similar phenomenon can be seen with this data set, as again the data seems to be shifted on the y-axis of
the plot, indicating an initial difference in the polymer’s transmittance (%). The peak at 1700
wavenumber, and peaks following, seem to be unchanged as the intensities remain constant throughout
the duration of the experiment. However, there is a change in the three other FTIR spectra when
compared to the initial spectrum at approximately 2350 wavenumber, denoted with an orange rectangle.
This small peak at 2350 is nothing more than the FTIR picking up ambient carbon dioxide near the
sample. This peak can typically be minimized by taking a scan of background and testing samples
immediately after to correct for any gases that may be around the sample during testing. This procedure
was followed during testing indicating that excess carbon dioxide entered the FTIR from breathing or the
background scan was unsuccessful. With the changing peak at 2350 being accounted for, no other peaks
show significant changes. This suggests that the structure of the BD3001 in this testing mechanism was
unchanged during the 53 days testing period.
The next two batches analyzed with FTIR were BD3003 samples. The first set of BD3003 samples were
exposed to the simulated ocean environment in the dark (Figure 13).
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Figure 13 – FTIR Spectra Generated from BD3003 Samples in the Dark Simulated Ocean Environment

Again, the same trend can be seen with the initial transmittance (%) being different with the four samples
tested with FTIR. This caused the spectra to be misaligned on the y-axis. However, other than this
misalignment, all the peaks and relative intensities are the same, mimicking the results of BD3001 dark
group and suggesting that there were no significant structural or chemical changes to the BD3003 during
this test.
The next sample set was the same material, BD3003, but in the simulated ocean environment that was
exposed to light during the experiment (Figure 14).

Figure 14 – FTIR Spectra Generated from BD3003 Samples in the Light Simulated Ocean Environment

Again, the same trend can be seen with the initial transmittance (%) being different with the four samples
tested with FTIR. This caused the spectra to be misaligned on the y-axis. However, other than this
misalignment, all the peaks and relative intensities are the same, mimicking the results of BD3001 light
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sample group and suggesting that there were no significant structural or chemical changes to the BD3003
during this test. This group did not show the same peak at 2350 as the BD3001 light group. All this means
is that there was not a discontinuity from background gases being picked up by the FTIR, like carbon
dioxide.
The next two batches analyzed with FTIR were PVC samples, the current material being used in the
manufacturing of the target balloons. The first set of PVC samples were exposed to the simulated ocean
environment in the dark (Figure 15).

Figure 15 – FTIR Spectra Generated from PVC Samples in the Dark Simulated Ocean Environment

Although the PVC samples were expected to show no structural or chemical changes during the span of
experimentation, they showed the most varying FTIR spectra. There are still discrepancies with the initial
transmittance (%), but not as significant of changes as the two previous polymers, BD3001 and BD3003.
The dark PVC samples have the same peaks but while slight variations in intensities. These irregularities
can be attributed the lowest FTIR spectrum on the plot, which is shifted down the y-axis, giving lower
transmittance (%) values for each of the peaks displayed. With this correction, the peaks would be
equivalent, suggesting that there are no structural or chemical changes between the PVC samples in this
batch. Likewise, the other peak misalignments can be attributed to shifts on the y-axis which are due to
discrepancies in the FTIR data collection. These discrepancies can be due to different FTIR settings,
different amounts of gases in the chamber, or other background effects. All these discontinuities may
impact the transmittance (%) and shift the spectra on the y-axis. There is also a fair bit of noise on the 53day spectrum at approximately 2350 wavenumber, shown with an orange box. This peak that does not
much the rest of the data can be attributed to the FTIR picking up carbon dioxide within the testing
chamber. This is likely from an unsuccessful background scan, resulting in background gases appearing
on the PVC scan.
The last batch of samples were PVC exposed to the simulated ocean environment with light (Figure 16).
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Figure 16 – FTIR Spectra Generated from PVC Samples in the Light Simulated Ocean Environment

This batch of FTIR spectra, generated from PVC exposed to a simulated ocean and light for different
amounts of time, showed the most similar initial transmittance (%), leading to significant overlapping of
the four spectra. Like the previous PVC batch, the peak at 2350 wavenumber on the 53-day sample can be
attributed to background gases in the FTIR chamber, such as carbon dioxide. Also, the peaks around 1700
wavenumber and greater seem to have more intense peaks as time went on, when compared to the initial
sample. The opposite trend would be expected if any degradation was occurring, as it would result in
specific bonds within the structure to be broken down over time making the peaks less intense. These
variations in peak intensity can again be attributed to shifts in the y-axis as the transmittance (%) was not
consistent with the FTIR over time.
Ultimately, the FITR gave relatively inconsistent transmittance (%) data, resulting in much of the data
being shifted along the y-axis. When accounting for these shifts, all the peaks and relatively intensities
matched for all the samples tested, suggesting that there were no structural or chemical changes within
any of the materials. There were some discrepancies in peaks, but these were all around the wavenumber
2350 which indicates that the FTIR was picking up carbon dioxide, a gas that was picked up in the
background of the FTIR’s chamber.

Tensile Testing
After the extrusion of the BD3001 and BD3003, a sample was taken from both materials. Those sample
were then cut into seven specimens for each sample (7 for BD3001 and 7 for BD3003). They were cut to
the dimensions of 25.4mm wide and 250mm in length. Two specimens were used as dummy tests to
determine the appropriate speed of testing for the samples. The first specimens had a gauge length of
190.5mm so that the ends of the specimens held by the jaws of the tensile tester measured 31.75mm on
each side. After the initial test, the gauge length was determined to be too long, as the percent elongation
exceeded the length of the tensile tester. The speed of testing initially set at 19.05mm/min was also
determined to be inappropriate. The test was then altered to make the specimens have a gauge length of
63.55mm while keeping the end lengths the same 31.75mm on each side and the speed of testing was
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changed to 37mm/min. Five specimens of the BD3001 and BD3003 were then tested and averaged to
determine the mechanical properties (Figure 17).
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Figure 17- Stress vs Strain Curve of Averaged BD3001 and BD3003 Samples

Tensile strength, elastic modulus and percent elongation were recorded and compared to the PVC
material in Table V.
Table V. Material Property Values of BD3001, BD3003 and PVC
Material
Tensile Strength (MPa) Elastic Modulus (GPa)
BD3001
7.60
.0572
BD3003
8.1
.0596
PVC
15.66

Percent Elongation(%)
420
432
230

Values of tensile strength and percent elongation of the PVC were taken from the material data sheet
received by the manufacturer (APPF), the material data sheet did not list the elastic modulus of the PVC.
The difference between the BD3001 and BD3003 sample in every material property listed in the table is
minimal. The difference between the BD3001 and BD3003 tensile strength is 6.36%, for elastic modulus
the difference is 4.1% and for the percent elongation the difference is 2.82%. The PVC is about twice as
strong then the two other samples but has a percent elongation about half of the other samples. The Killer
tomatoes are currently designed using minimum amount of the stronger PVC material. More material
would be required if the Killer Tomatoes were to be manufactured using either the BD3001 or BD3003
material, and the extra needed material could be costly.
DSC
Light 3001
This section will focus on the BD 3001 samples that had was not placed in the lit marine simulated
environment (Figure 18), a sample left in the lit marine simulated environment for 23 days (Figure 19),
and a sample left in the lit marine simulated environment for 53 days (Figure 20).
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Figure 18- BD3001 Initial Test DSC

Figure 19- BD3001 DSC Test - 23 Days
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Figure 20- BD3001 DSC Test – 53 Days

Table VI below summarizes the BD3001 samples under a lit simulated marine environment.
Table VI- Values obtained from DSC Curves of BD3001 Under a Lit Marine Simulated Environment
Melting
Cold
Cold
Glass
Endotherm
Crystallization
Crystallization
Transition

0
days
23
days
53
days

°C
99.33
131.15
105.42

mJ/mg
-18.41

°C
67.87

mJ/mg
14.61

°C

mJ/mg

°C
-28.98

-21.06

68.59

13.96

117.93

2.79

-31.70

68.61

14.24

-22.95

-31.69

From the table above we see that the sample that was in the marine environment for the 23 days had two
cold crystallization temperatures. If biodegradation has occurred, then bacteria found in the marine water
are exuding an enzyme that is alternating the polymer chains. The chains are now bimodal molecular
weight chains, meaning that there is chain smaller than the other chain. This difference is characterized by
a smaller peak and a cold crystallization temperature closer to the melting temperature. The smaller peak
represents less undercooling needed to nucleate. Also, in the table we see there is a change in the enthalpy
of melting for all of the samples. The samples that were in the tank were on average -3.60 mJ/mg lesser
than the initial sample. The enthalpy of cold crystallization varied little among the three samples with a
range from 13.96 mJ/mg to 14.61 mJ/mg with an average of 14.27 mJ/mg. The glass transition
temperature also varied little among the three samples with a range from -28.98°C to -31.70°C with an
average of -30.79°C. Further analysis of the melting endotherm is done in section Comparison of Light
and Dark 3001 Melting Endotherms.
Dark 3001
This section focuses on the BD3001 samples that were placed in a no-light marine simulated
environment. The first figure is the sample that was left in a no-light marine simulated environment for 23
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days (Figure 21). The next figure is the sample that was left in a no-light marine simulated environment
for 53 days (Figure 22).

Figure 21- BD3001-Dark DSC Test-23 Days

Figure 22- BD3001-Dark DSC Test-53 Days

Table VII below summarizes the BD3001 samples under a no-light simulated marine environment.
Table VII - Values obtained from DSC Curves of BD3001 Under a No-Light Marine Simulated
Environment.
Melting
Cold
Glass
Endotherm
Crystallization
Transition
°C
0
99.33
days

mJ/mg
-18.41

°C
67.87

36

mJ/mg
14.61

°C
-28.98

23
106.87
days
53 108.72
days

-25.32
-25.40

68.64

13.58

-30.08

68.46

14.41

-28.63

Unlike the BD3001 sample left in the lit marine simulated environment for 23 days, none of the samples
not exposed to light had two cold crystallization peaks. However, the change in the enthalpy of melting is
more significant than the change in the enthalpy of melting of the samples left in lit marine simulated
environment. Regarding the enthalpy of melting the BD3001 samples that were not exposed to light in the
marine simulated environment were on average -6.95 mJ/mg lesser than the sample not placed in the
marine simulated environment. The enthalpy of cold crystallization varied little among the three samples
with a range from 13.58 mJ/mg to 14.61 mJ/mg with an average of 14.2 mJ/mg. The glass transition
temperature also varied little among the three samples with a range from -28.98°C to -30.08°C with an
average of -29.23°C. The enthalpy of melting for all of the BD3001 samples were further analyzed in the
section Comparison of Light and Dark 3001 Melting Endotherms.
Comparison of Light and Dark Melting Endotherms
The enthalpy of melting from Table VI and Table VII were further analyzed in Figure 23 below.
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Figure 23 – Comparison of Marine-Simulated Environments to Melting Endotherm Percent Differences

From Figure 23, it is noted that the samples that were blocked from light in the marine simulated
environment had a greater percent difference in the melting endotherm than the samples that had light.
The difference between the samples taken out at the 53-day and 23-day for the no-light environment were
similar, with an average percent difference of 37.75% compared to the non-degraded sample. The
samples that were exposed to light had smaller percent difference and the percent difference of the 23-day
sample was 14.4%, whereas the 53-day sample was 24.66%. The initial change in the percent difference
of both Light 3001 and Dark 3001 is greater than the change from the 23rd day to the 53rd day. It was also
hypothesized that samples that were exposed to light would have a larger difference in the melting
endotherm. However, the trend of the samples exposed to the light was as predicted being that percent
difference did increase with more time in the marine simulated environment. The percent difference also
represents that change in the degree of crystallinity of the sample. Thus, the samples that were not
37

exposed to light were on average 37.75% more crystalline compared to the initial degree of crystallinity.
The samples exposed to light had an average of 19.53% more crystalline compared to the initial degree of
crystallinity. It should be noted that the 37.75% does not represent the degree of crystallinity but rather
the change in the degree of crystallinity. Since the gravimetric analysis shows little to no mass change and
the FTIR characterization indicates no changes are seen in the spectra describing biodegradation. The
change in the degree of crystallinity cannot be defined to occur from biodegradation.
Light 3003
This section will focus on the BD 3003 samples that was not placed in the lit marine simulated
environment (Figure 24), a sample left in the lit marine simulated environment for 23 days (Figure 25),
and a sample left in the lit marine simulated environment for 53 days (Figure 26).

Figure 24 – BD3003 Initial Test DSC

Figure 25- BD3003 DSC Test - 23 Days
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Figure 26- BD3003 DSC Test - 53 Days

Table VIII below summarizes the BD3003 samples under a light simulated marine environment.
Table VIII- Values obtained from DSC Curves of BD3001 Under a No-Light Marine Simulated
Environment
Melting
Cold
Glass
Endotherm
Crystallization
Transition
°C
0
115.24
days
23
119.27
days
53 108.72
days

mJ
-19.60
-25.96
-29.73

°C
71.27

mJ
13.33

°C
-29.98

70.03

12.37

-30.78

71.01

11.43

-31.69

The enthalpy of melting data shows the BD3003 samples that exposed to light in the marine simulated
environment were on average -8.26 mJ/mg lesser than the sample not placed in the marine simulated
environment. The enthalpy of cold crystallization varied little among the three samples with a range from
11.43 mJ/mg to 13.33 mJ/mg with an average of 12.38 mJ/mg. The glass transition temperature also
varied little among the three samples with a range from -29.98°C to -31.69°C with an average of 30.82°C. The enthalpy of melting for the BD3003 samples exposed to a lit marine simulated environment
was further analyzed in the section Comparison of Light and Dark 3003 Melting Endotherms.
Dark 3003
This section focuses on the BD3003 samples that were placed in a no-light marine simulated
environment. The first figure is the sample that was left in a no-light marine simulated environment for 23
days (Figure 27). The next figure is the sample that was left in a no-light marine simulated environment
for 53 days (Figure 28).
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Figure 27- BD3003-Dark DSC Test-23 Days

Figure 28- BD3003-Dark DSC Test-53 Days

Table IX below summarizes the BD3003 samples under a no-light simulated marine environment.
Table IX- Values obtained from DSC Curves of BD3003 Under a No-Light Marine Simulated
Environment
Melting
Cold
Cold
Glass
Endotherm
Crystallization
Crystallization Transition
°C
0
115.24
days
23
129.59
days
53 118.72
days

mJ/mg
-19.60

°C
71.27

mJ/mg
13.33

°C

-31.99

71.92

12.80

118.68 8.23

69.95

13.57

-43.38

40

mJ/mg °C
-29.98
-30.39
-27.86

From Table IX we see that the sample that was in the marine environment for the 23 days had two cold
crystallization temperatures. If biodegradation has occurred, then bacteria found in the marine water are
exuding an enzyme that is alternating the polymer chains. The chains are now bimodal molecular weight
chains, meaning that there is chain smaller than the other chain. This difference is characterized by a
smaller peak and a cold crystallization temperature closer to the melting temperature. The smaller peak
represents less undercooling needed to nucleate. Also, in the table we see there is a significant change in
the enthalpy of melting for all of the samples. The samples that were placed in the no light marine
simulated environment were on average -18.085 mJ/mg lesser than the sample not placed in the marine
simulated environment. The enthalpy of cold crystallization varied little among the three samples with a
range from 12.80 mJ/mg to 13.57 mJ/mg with an average of 13.23 mJ/mg. The glass transition
temperature also varied little among the three samples with a range from -27.86°C to -30.39°C with an
average of -29.41°C. Further analysis of the melting endotherm is done in section Comparison of Light
and Dark 3003 Melting Endotherms.

Percent Differnce in Enthalpy of Melting

Comparison of Light and Dark 3003 Melting Endotherms.
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Figure 29- Comparison of BD3003 Light & Dark Melting Endotherms

From Figure 29, it is noted that the samples that were blocked from light in the marine simulated
environment had a greater percent difference in the melting endotherm than the samples that had light.
The percent difference in the enthalpy of melting between the samples taken out at the 53-day and 23-day
for the no-light marine simulated environment significantly different, for the 23-day sample the percent
difference was 63.21%, whereas the percent difference for the 53-day sample was 121.33%. The trend
represented by the line for the Dark 3003 was as expected, whereas time progressed so did a change in the
enthalpy of melting. The samples that were exposed to light had smaller percent differences in the
enthalpy of melting and the percent difference of the 23-day sample was 32.45%, whereas the 53-day
sample was 51.68%. It was also hypothesized that samples that were exposed to light would have a larger
difference in the melting endotherm, however this was not the case. The percent difference also represents
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that change in the degree of crystallinity of the sample. Thus, the samples that were not exposed to light
were on average 92.27% more crystalline compared to the initial degree of crystallinity. The samples
exposed to light were on average of 42.07% more crystalline compared to the initial degree of
crystallinity. It should be noted that the 92.27% and 42.07% does not represent the degree of crystallinity
but rather the change in the degree of crystallinity. The BD3003 samples did have a greater percent
difference in the enthalpy of melting compared to the BD3001 samples. Since the gravimetric analysis
shows little to no mass change and the FTIR characterization indicates no changes are seen in the spectra
describing biodegradation. The change in the degree of crystallinity cannot be defined to occur from
biodegradation.

SEM
Initial Photographs:
After extruding the biopolymer resin pellets (BD3001 & BD3003) into sheet samples were cut to size for
SEM imaging. Since we were working with polymer samples and were not able to gold plate all the
samples for SEM imaging the team utilized low vacuum mode. In low vacuum mode the sample being
photographed is at a working distance of approximately 5 mm from the lens of the microscope. All of the
photos were taken at a magnification of 5000x – 5200x. Figure 30 below depicts the surface of the
BD3003 polymer at 10 kV. In this image the bright white object to the right is a particle. Down the
middle of the image there are raised parts of the surface indicated by the brighter spots. This is likely a
surface defect from the sheet extrusion process.

Figure 30 – BD3003 Initial Sample
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Figure 31 below displays an image of the surface of BD3001 at 20 kV. This image has higher contrast
than the previous giving it a grainy appearance. The brighter spots along the right side of the photo and
the bottom left are likely particles on the surface of the polymer. The surface of the polymer does not
have any significant surface defects from production like the last image did. There are small areas of the
surface on the upper left side of the image that are darker indicating that they are farther away from the
microscope than the rest of the surface is. This is an important feature to mention as to not confuse these
divots with potential pitting from the biodegradation process in future images.

Figure 31 – BD3001 Initial Sample

Final Photographs:
After 53 days in a marine environment the samples were removed from the tank and prepared for SEM
imagery. Since each biopolymer was placed in an environment with UV radiation present and one
without, there were two variations of the two biopolymers to photograph. The same conditions described
in the initial photograph section were used in photographing the final photographs.
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Figure 32 – BD3001 with UV Radiation Final Sample

Figure 32 above displays the BD3001 polymer after 53 days in a marine environment with UV radiation.
The bright spots scattered on the surface of the polymer are likely small particles that made it past the
cleaning and drying process or made their way onto the surface afterwards. When comparing Figure 32 to
Figure 31 there is not a lot of evidence of surface degradation. Although Figure 32 was taken at a higher
voltage the two images look similar. There is no evidence of surface cracking or pitting in the image of the
final sample.
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Figure 33 – BD3003 with UV Radiation Final Sample

Figure 33 above displays the BD3003 polymer after 53 days in a marine environment with UV radiation.
Similar to Figure 32 it is evident that there are particles in the view of the image at the bright white areas
around the perimeter of the image. When comparing this Figure 33 to Figure 30 there are no clear changes
to the surface of the material. Figure 33 does not show evidence of cracking or forms of pitting which would
indicate biodegradation occurring.
Further SEM photographs of the remaining BD3001 and BD3003 samples with no UV radiation could not
be taken due to the SEM server being down for an extended period of time.
Radio Frequency Welding
The extruded biopolymers were cut to size and sent to APPF for radio frequency welding testing. APPF
utilized the same RF welding techniques they use with the current material (PVC). Both the BD3001 and
BD3003 biopolymers were able to be RF welded together. The technicians at APPF told us that the welds
were strong, and the welded samples were sent back to Cal Poly for further mechanical testing. The
strength of the welds was then tested through tensile testing. Figure 34 below displays the stress versus
strain curves of both polymers. Through tensile testing it was determined that the tensile strength of
BD3001 was 7.38 MPa and the elastic modulus was 0.0698 GPa. BD3003 had a similar elastic modulus
at 0.066 GPa, but a higher tensile strength of 9.88 MPa. This data is consistent with the data collected
through tensile testing the initial polymer samples prior to RF welding which indicates that both the
BD3001 and BD3003 polymer samples are capable of being RF welded.
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Figure 34 – RF Weldability BD3001 & BD3003 Stress versus Strain Curves.
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4

Conclusions and Future Recommendations
In conclusion, the data from all the biodegradability testing conducted indicated that there was minimal to
no biodegradability occurring within the BD3001 and BD3003 polymer samples in the simulated marine
environment over the course of 53 days. We were able to conclude this as there was minimal change in
the mass of the polymers over the course of the experiment. The differences in mass values were believed
to be due to external factors such as moisture content. Additionally, the thermodynamic data generated
through DSC had very small changes over time which strongly suggests that the composition of the
polymers did not change over the course of experimentation. The peaks generated in the FTIR spectra
were similar throughout the course of the experiment. Bond cleavage through enzymatic attack from the
microbes in the ocean environment would change the peaks in the spectra but this is something we did not
observe in our data. Through SEM it was determined that there was little to no observable surface damage
to the polymers over the course of the experiment. Tensile testing indicated that the BD3001 and BD3003
polymers had a tensile strength of 7.60 MPa and 8.10 MPa, respectfully. These values are both
significantly less than the PVC’s tensile strength given to use from APPF which is 15.66 MPa. Therefore,
the mechanical properties of both polymers were not comparable to those of PVC. The polymers tested
did have around double the percent elongation of the PVC, however, they are not as strong of a material
as the PVC. This also enforces the idea that more material would be required to get closer to the tensile
strength of the PVC which is going to lead to increased costs. Both materials, BD3001 and BD3003,
performed similarly throughout the experiment and the samples exposed to UV radiation showed little to
no difference in biodegradability than those that were not. We were able to successfully manufacture the
polymers being tested. The resins were extruded into sheets using the sheet extruder on campus, then sent
to APPF where they were both successfully RF welded together. Additionally, throughout the duration of
testing these polymers the team noticed no issues with shelf life while they were in storage.
Future recommendations for the development of a marine biodegradable target balloon include extending
the duration of the biodegradability test. Our team left the polymer samples in a marine environment for
as long as we could within the time frame of the project. Doubling or tripling the amount of time the
polymers spend in a marine environment has the possibility of allowing for more biodegradation to occur.
Additionally, we recommend changing the testing mechanism. We chose to test the polymer samples in a
simulated marine environment, however, testing polymer samples for biodegradation off the coast of
California in the ocean would produce more realistic results. In addition to these changes in the
experiment, we recommend testing different polymers as well as continuing to investigate BD3001 and
BD3003. Lastly, it may be worth looking into additives that could accelerate the process of marine
biodegradation in biopolymers or polymer blends.
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